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Eave tubes for malaria control in Africa: 
initial development and semi-field evaluations 
in Tanzania
Eleanore D. Sternberg1*†, Kija R. Ng’habi2†, Issa N. Lyimo2, Stella T. Kessy2, Marit Farenhorst3, 
Matthew B. Thomas1, Bart G. J. Knols3 and Ladslaus L. Mnyone2
Abstract 
Background: Presented here are a series of preliminary experiments evaluating “eave tubes”—a technology that 
combines house screening with a novel method of delivering insecticides for control of malaria mosquitoes.
Methods: Eave tubes were first evaluated with overnight release and recapture of mosquitoes in a screened com-
partment containing a hut and human sleeper. Recapture numbers were used as a proxy for overnight survival. 
These trials tested physical characteristics of the eave tubes (height, diameter, angle), and different active ingredients 
(bendiocarb, LLIN material, fungus). Eave tubes in a hut with closed eaves were also compared to an LLIN protecting 
a sleeper in a hut with open eaves. Eave tubes were then evaluated in a larger compartment containing a self-
replicating mosquito population, vegetation, and multiple houses and cattle sheds. In this “model village”, LLINs were 
introduced first, followed by eave tubes and associated house modifications.
Results: Initial testing suggested that tubes placed horizontally and at eave height had the biggest impact on 
mosquito recapture relative to respective controls. Comparison of active ingredients suggested roughly equivalent 
effects from bendiocarb, LLIN material, and fungal spores (although speed of kill was slower for fungus). The impact of 
treated netting on recapture rates ranged from 50 to 70 % reduction relative to controls. In subsequent experiments 
comparing bendiocarb-treated netting in eave tubes against a standard LLIN, the effect size was smaller but the eave 
tubes with closed eaves performed at least as well as the LLIN with open eaves. In the model village, introducing 
LLINs led to an approximate 60 % reduction in larval densities and 85 % reduction in indoor catches of host-seeking 
mosquitoes relative to pre-intervention values. Installing eave tubes and screening further reduced larval density 
(93 % relative to pre intervention values) and virtually eliminated indoor host-seeking mosquitoes. When the eave 
tubes and screening were removed, larval and adult catches recovered to pre-eave tube levels.
Conclusions: These trials suggest that the “eave tube” package can impact overnight survival of host-seeking mos-
quitoes and can suppress mosquito populations, even in a complex environment. Further testing is now required to 
evaluate the robustness of these findings and demonstrate impact under field conditions.
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Background
Control efforts in sub-Saharan Africa over the past 
15 years have prevented an estimated 663 million clinical 
cases of malaria caused by Plasmodium falciparum [1]. 
Vector control, either in the form of insecticide-treated 
nets (ITNs) or indoor residual spraying (IRS), is estimated 
to be responsible for 78 % of those averted cases [1]. In 
spite of these successes, new interventions are required 
to boost control of mosquitoes that are not being con-
trolled by existing interventions (e.g. insecticide resist-
ant mosquitoes or outdoor biting mosquitoes), and to 
Open Access
Malaria Journal
*Correspondence:  eds16@psu.edu 
†Eleanore D. Sternberg and Kija R. Ng’habi contributed equally to this work 
1 Department of Entomology, Center for Infectious Disease Dynamics,  
the Pennsylvania State University, University Park, USA
Full list of author information is available at the end of the article
Page 2 of 11Sternberg et al. Malar J  (2016) 15:447 
provide improved options for insecticide resistance man-
agement strategies [2]. The current study presents results 
of initial investigations into a new intervention called the 
‘eave tube’, which aims to address these challenges.
The eave tube technology (which is introduced in [3]) 
exploits the natural behavioural ecology of the mosqui-
toes that transmit malaria in sub-Saharan Africa. These 
mosquitoes have a strong preference for entering homes 
through the gaps between the walls and the roof—i.e. the 
eaves [4–7]. Closing off the eaves of houses (together with 
additional screening of windows) provides a physical bar-
rier that protects inhabitants from malaria [8–11]. It is the 
physical blocking of mosquito entry into the house that 
is the major benefit of house improvements in control-
ling malaria [9, 11, 12]. By reopening small sections of the 
eaves and installing eave tubes in the openings, mosqui-
toes are drawn in by the same heat and odour cues that 
originally attracted them through open eaves. Once inside 
an eave tube, mosquitoes make contact with insecticide-
treated netting placed inside the tube. Thus, in addition to 
providing a physical barrier to house entry, eave tubes also 
provide a mosquito killing effect—essentially turning the 
house into a “lure and kill” device. This effect could poten-
tially suppress mosquito populations or alter population 
age structures and consequently, achieve community level 
benefits when coverage is sufficiently high.
Here the development of the eave tube concept in a 
semi-field system in Tanzania is presented, from initial 
pilot testing and optimization using overnight release-
recaptures through to introducing eave tubes in a six 
house ‘model village’ with a self-replicating, free living 
malaria mosquito population and human volunteers and 
cattle as blood sources.
Methods
Overnight release‑recapture (experiments 1 and 2)
The mosquitoes used for the overnight release-recapture 
experiments were Anopheles arabiensis from a colony 
maintained at the Ifakara Health Institute (IHI), origi-
nally derived from local mosquitoes collected at a nearby 
village (Sagamaganga), Tanzania and maintained in this 
setting for several years. The colony was held in a room 
within a semi-field screened structure under ambient 
temperature and relative humidity as described previ-
ously described [13]. Larvae were maintained on ground 
fish meal, adults were provided with sugar water (a 10 % 
glucose solution), and human volunteers provided blood 
meals for caged adult female mosquitoes. All experi-
ments used adult female mosquitoes between three and 
7 days post-emergence that had not yet received a blood 
meal. Sugar water was removed from the holding cages of 
experimental mosquitoes 6 h prior to release in the semi-
field compartments.
Inside of a 10  ×  10  ×  4  m semi-field screened com-
partment, an experimental hut (4.2 ×  2.6 ×  2.5 m) was 
constructed out of wood with a thatch roof (Fig. 1a), later 
replaced with a metal roof (for experiment 2). This hut 
did not have any windows or other openings besides the 
eave tubes and door. The eaves were sealed with wood 
panels and eight tubes were installed, four on either long 
side of the hut. As an initial prototype, the tubes in these 
experiments were pieces of locally available 15.24  cm 
(6 in.) diameter polyvinyl chloride (PVC) pipes with net-
ting held in place using either a rubber band or a hard 
plastic ring. At 19:00, shortly after sunset, a human vol-
unteer entered the hut and 200 female mosquitoes were 
released outside the hut, 50  in. each corner of the com-
partment. The human volunteer slept under an untreated 
bed net, unless otherwise indicated.
At 05:00 the next morning, all mosquitoes (both inside 
the experimental hut and outside in the screened com-
partment) were recaptured over the course of an hour 
by two technicians using mouth aspirators. Overnight 
survival has previously been used as a mosquito fitness 
measure in a similar screened compartment system [13], 
and it is a standard measure when testing vector control 
interventions in experimental huts [14, 15]. However, 
because of dirt floors in the screened compartments 
used for this set of experiments, it was difficult to find 
dead mosquitoes the following morning. Therefore, these 
experiments used the number of live mosquitoes recap-
tured in the morning, relative to the number of mosqui-
toes released the night before, as a proxy for overnight 
survival.
Recaptured mosquitoes were held in paper cups, with 
access to sugar water, and their survival was monitored 
for at least 24  h. Because entomopathogenic fungus 
causes delayed mortality, survival was monitored up to 
3 weeks in the experiment where fungus was used in the 
eave tubes.
Experiment 1: pilot testing and optimization
The first series of experiments consisted of simple proof-
of-concept trials using overnight release-recapture tests 
to evaluate the impact of tube size, tube height, tube 
angle, and choice of insecticide using the simplified hut 
in Fig. 1a. These experiments are also outlined in Table 1.
Experiment 1a measured the number of mosqui-
toes entering the hut when the eave tubes were left 
unscreened and a volunteer slept inside the hut under an 
untreated bed net. Experiment 1b measured the number 
of mosquitoes recaptured when eave tubes were installed 
at different heights relative to the ground [20, 50, 150 or 
180  cm (eave height)] and screened with bendiocarb-
treated netting (12  mg/ml of 80  % bendiocarb wettable 
powder, Ficam W, Bayer AG, Leverkusen, Germany). The 
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height of the eave tubes was changed nightly for twelve 
nights, with three replicate nights for each height. Recap-
ture of mosquitoes relative to the number released (200) 
was compared across nights to determine the height at 
which eave tubes had the greatest impact on recapture 
and thus presumably, the most contact with mosquitoes 
attempting to enter the hut.
Experiment 1c measured the mean number of mosqui-
toes recaptured when 10.16 cm (4 in.) or 15.24 cm (6 in.) 
eave tubes were installed at eave height. This experiment 
found no differences between tubes with different diam-
eters, thus 15.24 cm tubes were used for all subsequent 
experiments.
Experiment 1d tested the impact on catches when 
tubes were installed at three different angles: upward 
(approximately 30° relative to the horizontal with the 
higher end of the tube inside the house), downward 
(approximately 30° relative to the horizontal with the 
lower end of the tube inside the house), and horizontal 
(both ends at the same level). These different orienta-
tions were tested simultaneously by using eave tube traps 
(Sperling et al., pers. comm.) to catch and kill mosquitoes 
passing through the tubes. These traps were made of a 
square metal frame covered with bendiocarb-treated net-
ting (12 mg/ml of 80 % bendiocarb wettable powder) and 
fitted on the indoor end of the eave tubes, without net-
ting in the tube so that mosquitoes could pass into the 
traps. A total of six tubes were installed in the experi-
mental hut, three on each long side of the house. Each 
of the three tubes was placed at a different orientation 
(horizontal, higher end inside the hut, lower end inside 
the hut), such that each orientation was represented in 
duplicate (once on either side of the hut). This set up was 
used to allow a direct comparison between tube orienta-
tion and position within a single night. The orientation of 
each tube was changed nightly for a total of nine nights.
Experiment 1e tested the effect of biological and chem-
ical insecticides on recapture numbers, relative to control 
nights with untreated netting. These comparisons were: 
A. Bendiocarb-impregnated netting (12  mg/ml of 80  % 
bendiocarb wettable powder) versus untreated netting, 
B. Bendiocarb-dusted electrostatic netting  [16] versus 
untreated netting, C. PermaNet 2.0 (55 mg deltamethrin 
m−2) versus untreated netting, and D. Electrostatic net-
ting dusted to saturation with a 1:1 co-formulation of 
Beauveria bassiana spores and silica (6  g  m−2) versus 
untreated netting.
Experiment 2: comparison of eave tubes and LLINs
Experiment 2 was also conducted using the experimental 
hut from Fig. 1a and is outlined in Table 1. If eave tubes 
were not installed, the eaves of the hut were left open.
Experiment 2a compared three types of netting placed 
within the eave tubes: electrostatic netting coated with 
powdered bendiocarb (1.25 %, Ficam D, Bayer AG, Lev-
erkusen, Germany), pieces cut from an LLIN (PermaNet 
2.0), and untreated electrostatic netting (control). All of 
the netting was cut into circles with a diameter of 25 cm. 
The bendiocarb-coated netting was prepared by shaking 
the circles of netting in a plastic container with 0.24 g of 
Fig. 1 a Experimental hut used for initial testing of the eave tube 
prototype. In this picture, the hut has been modified for experiment 
1b (testing eave tubes at different heights). The thatch roof was later 
replaced with metal sheeting (not pictured). b Overview of the semi-
field model village showing the six houses. c Rice paddy to mimic 
common breeding sites for An. arabiensis. d Breeding sites (left arrows) 
and clay pot resting site (right arrow). e Close-up of resting mosqui-
toes inside a clay pot. f Diagram of model village showing the type 
and location of houses, cattle sheds, central walkway, and the zones 
(indicated with dashed lines) used for larval sampling. Each zone 
contained 8–9 larval habitats (51 total)
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Table 1 Summary of initial development experiments (experiments 1 and 2) for eave tubes, using the experimental house pictured in Fig. 1a
Eaves were closed and huts had no entry points for mosquitoes, unless otherwise noted. Each experiment used a human volunteer sleeping within the house for all treatments. Note that the word “effective”, as used in 
the wording of the question, depends on the measured outcome and respective controls
Experiment Question Treatment(s) Replicates Measured
1a How many mosquitoes will pass 
through open tubes over the 
course of a night?
1. Open tubes 3 nights total Number of mosquitoes recaptured 
inside the house (out of 200 released)
1b How effective are eave tubes 
placed at different heights?
1. 20 cm above the ground, treated with bendiocarb
2. 20 cm above the ground, untreated
3. 50 cm above the ground, treated with bendiocarb
4. 50 cm above the ground, untreated
5. 150 cm above the ground, treated with bendiocarb
6. 150 cm above the ground, untreated
7. 180 cm above the ground, treated with bendiocarb
8. 180 cm above the ground, untreated
3 nights per treatment
(24 nights total)
Total number of mosquitoes recaptured 
(out of 200 released)
1c How effective are eave tubes 
with different diameters?
1. 10.16 cm in diameter tubes, treated with bendiocarb
2. 15.24 cm in diameter, treated with bendiocarb
3. 15.24 cm in diameter, untreated
3 nights per treatment
(9 nights total)
Total number of mosquitoes recaptured 
(out of 200 released)
1d Does changing the angle of the 
tube impact the number of 
mosquitoes entering through 
the tubes?
1. Tubes placed at a horizontal angle
2. Tubes placed at an upward angle (highest end inside of the house)
3. Tubes placed at a downward angle (lowest end inside of the house)
Note: all treatments tested simultaneously using traps placed on the end of 
the tubes
9 nights total Total number of mosquitoes captured 
inside the eave tube traps (out of 200 
released)
1e How effective are different 
bioactives in eave tubes?
1. Tubes screened with LLIN material
2. Tubes screened with untreated material
3. Tubes screened with bendiocarb-treated netting, wet formulation
4. Tubes screened with untreated material
5. Tubes screened with bendiocarb-treated netting, dry formulation
6. Tubes screened with untreated material
7. Tubes screened with entomopathogenic fungus (Beauveria bassiana).
8. Tubes screened with untreated material
Note: each comparison was pairwise between insecticide treatment and 
untreated material
Treatments 1–6:
3 nights per treatment
(18 nights total)
Treatments 7 and 8:
2 nights per treatment
(4 nights total)
Treatments 1–6: total number of 
mosquitoes recaptured (out of 200 
released).
Treatments 7 and 8: proportion surviv-
ing (subsample of 50 recaptured 
mosquitoes)
2a How does bendiocarb-treated 
material compare with LLIN 
material in eave tubes?
1. Eave tubes screened with bendiocarb-treated netting
2. Eave tubes screened with LLIN material
3. Eave tubes screened with untreated netting
7 nights per treatment (21 
nights total)
Total number of mosquitoes recaptured 
(out of 200 released)
2b How does bendiocarb-treated 
material in eave tubes com-
pare to an LLIN used (with 
open eaves)?
1. Eave tubes screen with bendiocarb-treated netting
2. Open eaves, sleeper protected by an LLIN
3. Open eaves, sleeper protected by an untreated net
4 nights per treatment (12 
nights total)
Total number of mosquitoes recaptured 
(out of 200 released)
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the bendiocarb powder formulation for each piece of net-
ting. The netting was placed on the tubes in the evening 
before the start of the experiment, and removed the next 
morning. Tubes were wiped down in between to remove 
any residue. Prior to the overnight trials, insecticidal 
activity was confirmed using the MCD bottle bioassay 
(bioassay method is described in [17]). All three treat-
ments were replicated over seven blocks, for a total of 
21 nights. The order of the three treatments within each 
block was randomized.
Experiment 2b compared a hut with closed eaves and 
eave tubes treated with bendiocarb (as in experiment 1a) 
against a hut with open eaves and the sleeper protected 
either by an LLIN (PermaNet 2.0), or an untreated bed 
net (control group). The objective of this experiment was 
to compare the eave tube treatment (including closed 
eaves) to LLINs (with open eaves). This was a follow up 
of experiment 2a, where LLIN material was used within 
eave tubes.
Wood panels fitted with eave tubes (see Fig.  1a) were 
placed in the open eaves of the experimental hut on the 
eave tube treatment nights. The panel was removed for 
the LLIN or control (untreated bed net) nights. The ben-
diocarb-treated material was prepared and fitted onto the 
eave tubes using the same method as in experiment 2a. 
Each treatment was replicated over four blocks for a total 
of 12 nights. The order of the three treatments within 
each block was randomized.
Experiment 3: testing eave tubes in a model village
Experiment 3 tested the impact of eave tubes on a self-
replicating mosquito population over time. A simu-
lated village ecosystem was constructed in a 30 × 21 m 
screened structure compartment (equivalent to six of 
the single compartments used for overnight release-
recapture experiments plus a central walkway; see Fig. 1). 
Six huts were built in local styles: two traditional houses 
with mud walls and a grass thatch roof (3 × 4 × 2.5 m), 
two with brick walls and a corrugated metal sheet roof 
(3  ×  4  ×  2.5  m), and two with brick walls and a grass 
thatch roof (3 ×  4 ×  2.5  m). In addition to the human 
dwellings, three cattle sheds were built. Each night, one 
human volunteer slept in each of the six available houses 
and two calves were kept in each of the three cattle sheds.
To mimic the surrounding natural ecosystem, vegeta-
tion was allowed to grow from seeds present in the soil 
that was brought into the system. Plants were watered 
regularly to maintain growth. Fifty-one larval habitats 
(plastic basins partly filled with soil and tap water, topped 
off with more water every 2–3 days) and 48 resting places 
(clay pots, which also served as additional larval habi-
tats) were placed throughout the enclosure. In Decem-
ber 2014, approximately 1200 Anopheles larvae were 
collected from puddles and rice fields near Sagamaganga 
village and released into the larval habitats inside the 
model village.
The mosquito population was allowed to grow and sta-
bilize over 4  months, from January to April 2015, after 
which interventions were introduced in two phases: at 
the end of April 2015, LLINs were introduced in the four 
brick huts. Because the two mud huts did not receive 
LLINs, this resulted in an LLIN coverage of 67 %. At the 
end of June 2015, all six huts were modified with physical 
barriers to render them mosquito proof. Windows in all 
six houses were screened with locally available untreated 
netting and eave tubes with bendiocarb-treated (1.25 %, 
Ficam D, Bayer AG, Leverkusen, Germany) electrostat-
ically-charged netting were installed in the four brick 
huts. The two mud huts received untreated eave screen-
ing. After 3  months, in September 2015, the eave tubes 
(including the filled in eaves), the eave screening (in the 
mud walled houses), and the window screenings were 
removed, leaving only bed nets in the model village for 
the last 4 months of the experiment.
Mosquito populations were monitored every 
1–2  weeks by human landing catches (HLC) inside the 
huts from 19:00 to 01:00, and sampling from larval habi-
tats. During the HLC, six human volunteers were rotated 
between the six huts to avoid bias in the catches for any 
given house. The village was sectioned into six zones 
(8–9 larval habitats per zone) and larval habitats (approx-
imately 3  l containers of water) in the zone were sam-
pled once per sampling time point using a larval dipper 
(350 ml cups).
Statistical analysis
In experiments 1 and 2, the number of recaptured mos-
quitoes was recorded relative to the number of mos-
quitoes released. In experiment 2, indoor mosquito 
recapture was recorded, in addition to total recapture 
(relative to 200 mosquitoes released). To assess the 
impact of the interventions on recapture in experiment 
1, generalized linear models (GLMs) with quasibinomial 
error distributions were fitted to the data with recapture 
numbers, relative to the release number, as the outcome, 
and intervention type included as an explanatory vari-
able. This model was compared to a null model without 
intervention type. A Turkey all pair comparison was run 
on the final model using the multcomp package in R 
(v.3.2.1). To assess the impact of fungus on longer-term 
survival, a Cox’s proportional hazard model was used 
with treatment, replicate, and the interaction between 
treatment and replicate included in the model. Treatment 
was included in the model as a fixed effect and replicate 
was included as a random effect. For recapture numbers 
in experiment 2a, generalized linear mixed effect models 
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(GLMMs) with binomial error distributions were fitted to 
the data using the lme4 package in R. The type of inter-
vention was included as a fixed effect, and experimental 
block (from block 1 through 8) was included as a random 
effect. Likelihood ratio tests were used to compare mod-
els with and without the interventions in the model. Odds 
ratios (OR) and 95 % confidence intervals (CIs) were cal-
culated from estimates and standard errors produced for 
the full models. For experiment 2b, because there were 
half as many blocks as in 2a (4 versus 8 blocks), mixed 
effect models were not used and the analysis was similar 
to experiment 1; GLMs with quasibinomial error distri-
butions were fitted to the data with recapture numbers 
(total or indoor only) as the outcome, and intervention 
type as an explanatory variable.
Results
Experiment 1: pilot experiments and optimization
Over three nights, the mean number of mosquitoes 
entering into the experimental house (Fig.  1a) through 
open eave tubes was 80.3 ± 4.2 (mean ± SE), or 40 % of 
the total number (n =  200) released. Placement of eave 
tubes at eave height (180 cm above the ground) resulted 
in the highest reduction in recapture relative to the con-
trol treatment, where clean netting was placed in the eave 
tubes (control, mean recapture ±  SE: 154.8 ±  5.4; ben-
diocarb-treated eave tubes placed at 180 cm: 58.0 ± 1.7; 
Fig.  2a), which is a 62  % reduction in recapture when 
insecticide-treated netting was used in the eave tubes. 
This reduction in recapture relative to the control 
was significant for both eave tubes at 180 and 150  cm 
(150 cm: t = 4.48, p < 0.001; 180 cm: t = 8.44, p < 0.001) 
but not for eave tubes at 20 or 50 cm (20 cm: t =  1.59, 
p = 0.129; 50 cm: t = 1.87, p = 0.076). In tests of 10.16 
and 15.24  cm diameter eave tubes, mean recapture was 
similar for both tube sizes (64.7 ± 8.45 and 65.7 ± 10.3 
for 10.16 and 15.24 cm tubes, respectively) and less than 
half the mean recapture of control nights (146.7  ±  8.0; 
significant reduction relative to control treatment in 
10.16  cm: t  =  5.14, p  =  0.002, and in 15.24  cm tubes: 
t  =  5.07, p  =  0.002; Fig.  2b). In the comparison of the 
three different eave tube angles (high end of the tube 
inside the house, low end of the tube inside the house, 
and both ends at the same level), there was a mean of 
91.1  ±  2.7 (mean number captured  ±  SE) mosquitoes 
caught nightly inside the eave tube traps, compared to a 
mean of 76.4  ±  1.5 mosquitoes recaptured outside. Of 
the mosquitoes caught inside the eave tube traps, there 
was a significant difference (p < 0.001; Fig. 2c) between all 
of the tube angles with the most number of mosquitoes 
found inside the traps attached to horizontal eave tubes 
(43.0 ± 1.3) compared to tubes slanted upward into the 
house (29.8 ± 1.3) and tubes slanted downward into the 
house (18.3 ± 1.03).
The number of mosquitoes recaptured was significantly 
reduced compared to controls for all of the chemical 
insecticides that were tested (Fig. 3); 58 % for PermaNet 
2.0 (t = 5.63, p = 0.005), 52 % for the wettable bendio-
carb (Ficam W) treated netting (t = 3.58, p = 0.023), and 
67  % for dry bendiocarb-dusted (Ficam D) electrostatic 
netting (t = 14.5, p = 0.0001). These results demonstrate 
that eave tubes can potentially kill, within a single night, 
up to two-thirds of the released mosquitoes. Longer 
term survival was also significantly reduced in mosqui-
toes released overnight in compartments where fungus-
treated eave tubes had been installed in the experimental 
hut, compared to the control group where untreated net-
ting was used (hazard ratio  =  3.7, p  <  0.001). Average 
survival was 4.3  ±  0.2  days (mean  ±  SE) in the group 
exposed to B. bassiana compared to 9.1 ±  0.5  days for 
the control mosquitoes.
Experiment 2: comparison of eave tubes and LLINs
In experiment 2a, insecticidal netting in the eave tubes 
had a significant effect on the number of mosquitoes 
recaptured the following morning (effect of treatment: 
X2 = 6.42, df = 2, p = 0.040) relative to eave tubes with 
clean netting (control group). In both insecticide treat-
ment groups (LLIN material or bendiocarb-treated mate-
rial), the odds of recapturing the mosquitoes released 
the night before were significantly lower (LLIN mate-
rial: OR =  0.87, 95 % CI (0.77, 0.98), p =  0.021; Bendi-
ocarb treated material: OR = 0.88, 95 % CI (0.79, 0.99), 
p = 0.042; Fig. 4a) than in the control group. These results 
indicate that both LLIN material (PermaNet 2.0, treated 
with deltamethrin) and electrostatic netting treated with 
bendiocarb powder can reduce overnight survival of An. 
arabiensis, compared to untreated netting. Although 
some mosquito mortality did occur in the 24  h follow-
ing recapture, the level of mortality was consistent across 
treatments. This suggests that, with the insecticides that 
were tested, the impact of eave tubes is primarily a result 
of overnight mortality and not delayed mortality.
In experiment 2b, the total number of mosquitoes 
recaptured in the morning (both inside the experimen-
tal house and outside in the screened compartment) 
was reduced both by the use of an LLIN with open eaves 
and by closed eaves with bendiocarb-treated eave tubes, 
relative to the control group (open eaves and untreated 
bed net), but the effect was significant only in the closed 
eaves and eave tube group (LLIN: t  =  2.22, p  =  0.054; 
eave tubes: t  =  3.91, p  =  0.004; Fig.  4b). The effect of 
treatment (open eaves and LLIN, closed eave and eave 
tubes, or open eaves and untreated bed net) on recap-
ture of mosquitoes inside the experimental hut (“indoor 
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recapture”) was similar and even more pronounced 
(LLIN: t = 1.48, p = 0.17; eave tubes: t = 5.17, p = 0.001; 
Fig.  4c). This was not surprising considering that there 
was both a physical barrier (closed eaves) and insecticide 
treatment in the eave tube group.
The results from experiment 2 show that, although 
LLIN material in eave tubes performed as well as bendio-
carb-treated material, when the eave tubes are compared 
to LLIN material used as a bed net, the eave tubes treat-
ment had a significantly greater reduction in mosquito 
recapture.
Experiment 3: testing eave tubes in a model village
Four months after the initial introduction of larvae, in 
January 2015, the average number of larvae collected 
in dip samples (350  ml of water) taken in each of the 
six sampling zones (larval habitats of approximately 3  l) 
around the enclosure was 1015 ± 75 (mean ± SE) and the 
total number of host-seeking females collected indoors 
by a human landing catch over the course of a night was 
117. In April 2015, LLINs were introduced into the model 
village. Two months after the introduction of LLINs, the 
mean larval catch was 428  ±  47 (42  % of the original 
catch; Fig. 5a) and total indoor host-seeking female catch 
was 18 (15 % of the original catch; Fig. 5b). At this point, 
eave tubes and window screening were installed in four 
of the six houses in the village. Three months after the 
introduction of eave tubes, mean larval abundance was 
further reduced to 67.0 ± 14.5 (7 % of the original catch 
or 16 % of the final catch prior to the introduction of eave 
tubes) and no adult females were recaptured indoors. 
After 3  months, during which time both LLINs and 
eave tubes were present, the window screens and eave 
tubes were removed and the eaves were opened again, 
after which the mosquito population started to gradu-
ally recover. In the final sampling at the end of January 
(13 months after the introduction of mosquitoes into the 
model village), the mean larval catch had recovered to 
328 ± 68.9 and the total indoor adult female catch was 18 
(32 and 15 % of the catches prior to the initial introduc-
tion of LLINs, for larvae and adult females, respectively).
Discussion
The concept of eave tubes emerged out of an existing 
body of knowledge implicating the open eaves of African 
houses as a primary entry point for malaria mosquitoes 
[3, 7–9]. The development of eave tubes within screened 
compartments at the Ifakara Health Institute in Tanzania 
is presented here. Overnight release-recapture experi-
ments were carried out in similar settings to those pre-
viously used, for example, to test the impact of fungal 
insecticide treatment and host meal source [13, 18]. A 
self-sustaining mosquito population was also established 
in a “model village”, based on previous experience with 
creating such populations at IHI [19–21]. Unlike prior 
semi-field systems, however, the “model village” included 
multiple human dwellings occupying a larger space, along 
with a rice paddy and multiple cattle sheds, to better 
emulate a Tanzanian village environment. The variability 
represented in the model village includes different house 
designs (Fig. 1), from the more traditional mud walls and 
thatch roofs to the more modern brick walls and metal 
roofs. The brick walled houses received both eave tubes 
and associated house screening while the mud walled 
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houses received only the screening. This is because mud 
walled houses are not amenable for easy installation of 
eave tubes [3].
The goal of these studies was rapid development of 
field-ready technology. To meet this goal, development of 
the eave tube concept began with a series of pilot studies 
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using overnight releases of mosquitoes in a screened 
compartment with a simplified experimental hut 
(Fig. 1a). These experiments, outlined in Table 1, served 
as proof of concept, demonstrating that mosquitoes do 
indeed pass through eave tubes to enter into a house, 
and treating eave tubes with insecticides will reduce the 
number of mosquitoes that are recaptured the following 
morning. This set of experiments included some optimi-
zation of the design and testing of different insecticides.
Eave tubes were also tested in this setting (i.e. a sin-
gle, simplified wooden experimental hut) with material 
cut from a commercially available LLIN (PermaNet 2.0) 
and compared to eave tubes with bendiocarb-treated 
electrostatically-charged netting (a recently developed 
technology for improving insecticide bioavailability [16]), 
together with an untreated control. Both types of insec-
ticide-treated netting worked equally well for reducing 
mosquito recapture when used in eave tubes (with closed 
eaves). However, when closed eaves fitted with bendi-
ocarb-treated eave tubes were compared to open eaves 
with the sleeper protected under an LLIN, recapture was 
lower in the group of mosquitoes released in the com-
partment with the bendiocarb-treated eave tubes and 
closed eaves.
Even with these promising results, some variation in 
the effect size of eave tubes across the different experi-
ments was observed. This could be due to a number of 
factors including seasonal variation and differences 
between volunteer sleepers that made them more or 
less attractive to mosquitoes, or modifications to the 
experimental hut where the thatch roof was removed 
and replaced with sheet metal. Follow up experiments, 
including refinement of the prototype and testing in 
other semi-field systems with other species of Anopheles 
(Snetselaar et al., pers. comm.), and filming of mosquito 
behaviour in eave tubes (Sperling et al., pers. comm.), will 
be helpful to identify potential sources of variation and 
improve the technology.
Lastly, both LLINs and bendiocarb-treated eave tubes 
were introduced into a model village in the screened 
structure. The model village consisted of six houses and 
three cattle sheds, with volunteers and cattle brought in 
overnight to maintain a mosquito population within the 
screened structure. The introduction of LLINs reduced 
the abundance of host seeking females within the huts to 
15 % and the abundance of larvae to 42 % of the original 
population, a residual population possibly supported by 
the presence of non-human hosts (i.e. cattle). Following 
the introduction of closed eaves and eave tubes treated 
with bendiocarb in the brick houses, plus screening of 
open eaves in mud walled houses and screening of win-
dows in all houses, indoor biting mosquitoes were vir-
tually eliminated and the larval population was further 
reduced to 7 % of its original size. These results represent 
only a single replicate population (with no control popu-
lation) over the course of a year, due to time and logistic 
constraints, and thus it is difficult to account for stochas-
tic variation or seasonal effects, or to directly compare a 
treatment and control populations. However, the popula-
tion dynamics are consistent with eave tubes and associ-
ated screening offering additional control, on top of what 
can be obtained with the frontline intervention consist-
ing of LLINs. Interestingly, suppression of the mosquito 
population occurred despite the presence of unprotected 
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cattle in the model village, which suggests that even with 
alternative hosts present and a mosquito species known 
to exhibit zoophilic feeding behaviour, eave tubes can 
have an effect on a population of anopheline mosquitoes. 
In other words, these results suggest that even a zoo-
philic species like An. arabiensis still makes sufficiently 
frequent contact with eave tubes (presumably during 
attempts to enter human dwellings) to suppress the pop-
ulation. The impact of eave tube technology on the more 
anthropophilic malaria vector species, such as Anopheles 
gambiae s.s. and Anopheles funestus, could be even more 
pronounced.
Although these results indicate that eave tubes are 
a technology worth pursuing, numerous questions 
remain. For example, although eave tubes are a prom-
ising delivery mechanism for bioactives or insecticides 
that are not currently being used for malaria vector con-
trol, additional testing is necessary. This includes direct 
comparisons between insecticides like bendiocarb (cur-
rently used for IRS) and deltamethrin (currently used for 
LLINs and IRS), and a bioactive like entomopathogenic 
fungus (not currently used for vector control). Similarly, 
eave tubes should be tested against insecticide resistant 
mosquitoes.
One potential benefit of eave tubes is the ease of re-
treatment, which has clear benefits for cost and logisti-
cal constraints, but it also provides the opportunity for 
resistance management strategies. For example, multiple 
eave tubes in the same house might be treated with dif-
ferent insecticides, or even loaded with multiple insec-
ticides within the same tube, as a ‘combination therapy’ 
approach similar to the strategies used to manage drug 
resistance in malaria parasites. However, extensive theo-
retical and empirical work is still needed to determine 
exactly which strategies would be most effective for 
resistance management.
Another caveat for the experiments presented here is 
that, in the overnight release-recapture experiments, a 
wooden house with no windows was used. This is obvi-
ously a highly simplified version of a typical home envi-
ronment, which does not allow for multiple sources 
of heat and odour cues. More realistic brick or mud-
walled houses were later constructed in the model vil-
lage. Additionally, because eave tubes are a house-based 
intervention, like LLINs and IRS, they do not necessarily 
address current pressing concerns regarding outdoor bit-
ing or behavioural resistance [22–24]. However, there is 
evidence that over 80  % of successful feeding events by 
mosquitoes old enough to transmit malaria will happen 
after at least one house entry attempt [25], which would 
preserve the effectiveness of house-based interventions 
like eave tubes, LLINs, and IRS. Whether eave tubes (and 
any associated house modifications) are cost-competitive 
with IRS will require further, detailed economic analyses. 
Most importantly, large-scale field trials are needed to 
determine whether the reduced survival and suppression 
of mosquito populations observed in these semi-field 
experiments translates into entomological and, ulti-
mately, epidemiological impacts in the real world.
Conclusions
Overnight trials conducted in a screened compart-
ment containing a single house guided the initial devel-
opment of the eave tube prototype, and suggest that 
eave can impact the overnight survival of host-seeking 
mosquitoes.
Eave tubes, along with associated screening of win-
dows, were then introduced into a large compartment 
containing a self-sustaining mosquito population, a six 
house “model village” with volunteer sleepers protected 
under bed nets, and cattle housed in cattle sheds. The 
resulting decline in mosquito populations following 
this introduction suggest that eave tubes and associ-
ated screening can suppress mosquito populations and 
reduce the potential for indoor biting, beyond the impact 
of LLINs alone and even in a complex environment with 
alternative hosts present.
Abbreviations
LLIN: long-lasting insecticidal net; IRS: indoor residual spraying; IHI: Ifakara 
Health Institute; HLC: human landing catch; MCD: mosquito contamination 
device; GLM: generalized linear model; GLMM: generalized linear mixed 
model; SE: standard error; OR: odds ratio; CI: confidence interval.
Authors’ contributions
KRN, INL, STK and LLM coordinated the construction of the semi-field system. 
EDS, KRN, INL, STK and LLM designed and conducted the experiments and 
analysed the data. EDS, KRN and LLM wrote the initial draft of the manuscript. 
MF, MBT and BGJK conceptualized the idea for the malaria village, provided 
support for the design of the experiments, and edited the manuscript. All 
authors read and approved the final manuscript.
Author details
1 Department of Entomology, Center for Infectious Disease Dynamics, the 
Pennsylvania State University, University Park, USA. 2 Environmental Health 
and Ecological Sciences Thematic Group, Ifakara Health Institute, P.O.BOX 53, 
Off Mlabani, Ifakara, Tanzania. 3 In2Care BV, Marijkeweg 22, 6709 PG Wagenin-
gen, The Netherlands. 
Acknowledgements
We thank the Ifakara Health Institute and all of the IHI technicians, particularly 
Ally Daraja, Dickson Mwasheshi, Kasian Mbina, Goodluck Mpumu and Sam-
wely Mwakayula, and volunteer sleepers for their help in conducting these 
experiments.
Competing interests
BGJK and MF hold shares in In2Care BV. In2Care BV has one or more patents 
or patent applications related to the subject of this paper. EDS, KRN, INL, MBT, 
and LLM are also named in one of the pending patents outlining the eave 
tube concept.
Availability of data and materials
All data sets supporting these conclusions are available on figshare 
(doi:10.6084/m9.figshare.3753594).
Page 11 of 11Sternberg et al. Malar J  (2016) 15:447 
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Ethical approval and consent to participate
Ethical review and approval was provided by the institutional review board 
of the Ifakara Health Institute (IHI/IRB/No: 14-2013) and the Medical Research 
Coordinating Committee at the National Institute for Medical Research 
in Tanzania (NIMR/HQ/R.8a/Vol. IX/1784). The volunteers who slept in the 
experimental houses gave their consent to participate after receiving a full 
explanation of the research aims, risks, and benefits. Sleepers in the overnight 
release-recapture experiments were not given prophylaxis because the mos-
quitoes used in these experiments were laboratory-reared females without 
prior access to blood meals. The sleepers in the model village were offered 
chemoprophylaxis (mefloquine) to avoid malaria infection and were checked 
weekly for the presence of malaria parasites via blood smears. Sleepers had 
access to free treatment for malaria if they became sick; however no sleepers 
became sick over the course of the experiment.
Funding
This work was part of the Mosquito Contamination Device (MCD) project 
(http://www.mcdproject.org) that was supported by European Union Seventh 
Framework Programme Grant 306105, FP7-HEALTH-2012-INNOVATION-1.
Received: 18 May 2016   Accepted: 18 August 2016
References
 1. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al. 
The effect of malaria control on Plasmodium falciparum in Africa between 
2000 and 2015. Nature. 2015;526:207–11.
 2. WHO. Global plan for insecticide resistance management in malaria 
vectors. Geneva: World Health Organization. http://www.who.int/malaria/
publications/atoz/gpirm/en/. Accessed 9 Nov 2015.
 3. Knols BGJ, Farenhorst M, Andriessen A, Snetselaar J, Suer RA, Osinga AJ, 
et al. Eave tubes for malaria control in Africa: an introduction. Malar J. 
2016;15:404.
 4. Lindsay SW, Snow RW. The trouble with eaves; house entry by vectors of 
malaria. Trans R Soc Trop Med Hyg. 1988;82:645–6.
 5. Lengeler C. Insecticide-treated bed nets and curtains for preventing 
malaria. Cochrane Database Syst. Rev. 2004;2:CD000363.
 6. Bradley J, Rehman AM, Schwabe C, Vargas D, Monti F, Ela C, et al. Reduced 
prevalence of malaria infection in children living in houses with window 
screening or closed eaves on Bioko Island, Equatorial Guinea. PLoS One. 
2013;8:e80626.
 7. Wanzirah H, Tusting LS, Arinaitwe E, Katureebe A, Maxwell K, Rek J, et al. 
Mind the gap: house structure and the risk of malaria in Uganda. PLoS 
One. 2015;10:e0117396.
 8. Njie M, Dilger E, Lindsay SW, Kirby MJ. Importance of eaves to house 
entry by anopheline, but not culicine, mosquitoes. J Med Entomol. 
2009;46:505–10.
 9. Kirby MJ, Ameh D, Bottomley C, Green C, Jawara M, Milligan PJ, et al. 
Effect of two different house screening interventions on exposure to 
malaria vectors and on anaemia in children in The Gambia: a randomised 
controlled trial. Lancet. 2009;374:998–1009.
 10. Tusting LS, Ippolito MM, Willey BA, Kleinschmidt I, Dorsey G, Gosling RD, 
et al. The evidence for improving housing to reduce malaria: a systematic 
review and meta-analysis. Malar J. 2015;14:209.
 11. Lwetoijera DW, Kiware SS, Mageni ZD, Dongus S, Harris C, Devine GJ, et al. 
A need for better housing to further reduce indoor malaria transmission 
in areas with high bed net coverage. Parasit Vectors. 2013;6:57.
 12. Anderson L, Simpson D, Stephens M. Effective malaria control through 
durable housing improvements: can we learn new strategies from past 
experience?. Americus: Habitat for Humanity International; 2014. (https://
www.habitat.org/sites/default/files/malariahousing-combined-print.pdf ).
 13. Lyimo IN, Haydon DT, Russell TL, Mbina KF, Daraja AA, Mbehela EM, et al. 
The impact of host species and vector control measures on the fitness of 
African malaria vectors. Proc R Soc Lond B Biol Sci. 2013;280:20122823.
 14. WHO. Guidelines for laboratory and field testing of long-lasting insecti-
cidal nets. Geneva: World Health Organization; 2013.
 15. WHO. Mosquito adulticides for indoor residual spraying and treatment of 
mosquito nets. Geneva: World Health Organization; 2006.
 16. Andriessen R, Snetselaar J, Suer RA, Osinga AJ, Deschietere J, Lyimo IN, 
Mnyone LL, Brooke BD, Ranson H, Knols BG, Farenhorst M. Electrostatic 
coating enhances bioavailability of insecticides and breaks pyrethroid 
resistance in mosquitoes. Proc Natl Acad Sci. 2015;112(39):12081–12086.
 17. Sternberg ED, Waite JL, Thomas MB. Evaluating the efficacy of biological 
and conventional insecticides with the new ‘MCD bottle’ bioassay. Malar 
J. 2014;13:499.
 18. Lyimo IN, Ng’habi KR, Mpingwa MW, Daraja AA, Mwasheshe DD, Nchimbi 
NS, et al. Does cattle milieu provide a potential point to target wild 
exophilic Anopheles arabiensis (Diptera: Culicidae) with entomopatho-
genic fungus? A bioinsecticide zooprophylaxis strategy for vector control. 
J Parasitol Res. 2012;2012:e280583.
 19. Ferguson HM, Ng’habi KR, Walder T, Kadungula D, Moore SJ, Lyimo I, et al. 
Establishment of a large semi-field system for experimental study of Afri-
can malaria vector ecology and control in Tanzania. Malar J. 2008;7:158.
 20. Ng’habi KR, Mwasheshi D, Knols BG, Ferguson HM. Establishment of a 
self-propagating population of the African malaria vector Anopheles 
arabiensis under semi-field conditions. Malar J. 2010;9:356.
 21. Ng’habi KR, Lee Y, Knols BGJ, Mwasheshi D, Lanzaro GC, Ferguson HM. 
Colonization of malaria vectors under semi-field conditions as a strategy 
for maintaining genetic and phenotypic similarity with wild populations. 
Malar J. 2015;14:10.
 22. Gatton ML, Chitnis N, Churcher T, Donnelly MJ, Ghani AC, Godfray HCJ, 
et al. The importance of mosquito behavioural adaptations to malaria 
control in Africa. Evolution. 2013;67:1218–30.
 23. Govella NJ, Ferguson H. Why use of interventions targeting outdoor bit-
ing mosquitoes will be necessary to achieve malaria elimination. Syst Biol. 
2012;3:199.
 24. Russell TL, Beebe NW, Cooper RD, Lobo NF, Burkot TR. Successful malaria 
elimination strategies require interventions that target changing vector 
behaviours. Malar J. 2013;12:56.
 25. Killeen GF, Govella NJ, Lwetoijera DW, Okumu FO. Most outdoor malaria 
transmission by behaviourally-resistant Anopheles arabiensis is medi-
ated by mosquitoes that have previously been inside houses. Malar J. 
2016;15:225.
